Abstract Since 1970 the West African Sahel has experienced a significant drought which, according to some authors, corresponds to a discontinuity (abrupt change) in the rainfall series. An annual rainfall index was calculated over the period from 1896 to 2000, with a selection of 21 synoptic stations updated regularly by the Agrhymet Regional Centre in Niamey. Several statistical analyses of the index confirmed the previous descriptions, particularly the significance of the drought since 1970 and a nonstationarity, with abrupt change in the series between 1969 and 1970. Although the two recent wet years, 1994 and 1999, gave some hope of an end to the drought, the statistical results and the temporal distribution of the dry and wet years showed that the drought was not over at the end of 2000.
INTRODUCTION
In the West African Sahel, knowledge about the long-term variability and trend of rainfall is important because of the extreme vulnerability of the environment where the climate can be roughly defined by annual rainfall within 300 to 700 mm . The main results of rainfall studies in this region can help decision makers to manage, e.g. water resources, agriculture, environmental protection, water projects.
The Sahel has experienced a fairly continuous, severe drought since 1970, described and analysed by numerous authors (e.g. Sircoulon, 1976; Lamb, 1982 Lamb, , 1985 Olivry, 1983; Nicholson, 1985; NOAA, 1994; Le Barbé & Lebel, 1997; Nicholson et al, 2000) , showing diagrams of annual rainfall index series commonly used by decision makers.
According to Hubert et al. (1989 Hubert et al. ( , 1998 numerous stations in the Sahel have shown discontinuities in annual rainfall series around 1970. As a consequence, the averages calculated with data before and after 1970 are not statistically similar. The latest 30-year WMO standard over the years 1971-2000 takes into account only the three driest decades of the 20th century. Therefore, with regard to the 1971-2000 average, many of the wet years observed after 1970 are actually dry years in terms of longer averages. On the basis of the latest WMO average, some experts thought that the drought in the Sahel might be over, or on the way to being so (personal communications). Numerous contacts with decision makers in Africa show that such a raised hope may result in decisions being made that are too optimistic.
In this paper, a new annual rainfall index series, updated from 1896 to 2000, is analysed, calculated on the basis of previous studies (Lamb, 1985; Nicholson, 1985; NOAA, 1994) .
METHOD AND DATA
The values of an annual rainfall index from 1896 to 2000 are provided, as well as other related values thought to be particularly relevant, as follows: (a) 21 synoptic stations, updated regularly by the Agrhymet Regional Centre of Niamey, were selected, enabling regular updating of the index. (b) A longest (being also a most recent) period, compared to those of the previous studies, was selected. Historical data were found in old reports that are not readily available, all published values were checked and, finally, a critical analysis of these values was performed. (c) A common 80-year reference period was selected , because of the low level of missing data (2.6%) and good representativeness for the climate in the Sahel. For each station, s, and year, y, the partial station index, S sy is its standardized rainfall departure:
where R sv , R s and a s are the annual rainfall of station s for year y, and the mean annual rainfall and standard deviation of station s in the reference period 1921-2000. Finally, the regional annual index, RI V for each year, v, is the average of partial indexes of the n stations observed during this year:
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In previous studies, with about one hundred stations available in the sub-region of interest, Nicholson et al. (1985 Nicholson et al. ( , 2000 calculated an index based on the periods 1901-1984 and 1901-1998 , taking the observation times of each station as the periods of reference. Lamb (1985) published an index, known by his name, calculated on the period 1941-1983, taking into account 20 stations well spread west of the meridian 9°E, between 11° and 18°N. Finally, NOAA (1994) published an index based on the rainy season (May-September) of 1921-1994, calculated using all the available stations having at least 30 years of historical records, and located in Africa, between 8° and 18°N, and west of 20°E.
In this study, the 21 stations chosen are those used in Lamb's (1985) study, with three suppressions and four additions. The list is given in Table 1 and the stations are indicated in Fig. 1 . These stations are homogeneously located west of the meridian 20°E, having between 100 and 1000 mm of annual average rainfall, according to the map of isohyetal lines for the period 1951-1989 for West and Central Africa (L'Hôte & Mahé, 1996) . The area receiving precipitation in this range can be estimated at about 2.5 x 10 6 km", and this corresponds approximately to density of one station for each 120 000 km 2 . The period chosen for the calculation of the index starts in 1896 because this is the year in which the observations of two continental stations (Kayes and Tombouctou in Mali) began. The data balance the high interannual variability observed at the coast and particularly at the three oldest stations of Saint Louis and Dakar in Senegal (recording since 1848 and 1853, respectively), and Banjul in Gambia (since 1885). In addition, the data collected before 1896 from the two Senegalese stations above, on different hand-written or typed archives, are not of good quality and are sometimes unusable. This is also the case for a more recent period (1919) (1920) (1921) (1922) (1923) (1924) (1925) (1926) (1927) (1928) (1929) for the Saint Louis station: the data used in this study are those published by Asecna (1968) for the years identified as defective. The data were chosen according to elements published in 26 reference books (CIEH et al., 1973 (CIEH et al., -1979 (CIEH et al., , 1989 (CIEH et al., -1990 which give the daily rainfall in 13 African countries, published in two parts "from the origin to 1965", and "from 1966 to 1980". For the oldest data, it was necessary to refer to the available publications, mainly those of Asecna (1968) , Sircoulon (1976) and Olivry (1983) , as well as different archives, copies of which are held in the "Fort de Saint Cyr" in France. The years after 1980 were documented from different sources, mainly the Meteorological Services of each country (manual notes, annals). Finally, records for the most recent years (1995) (1996) (1997) (1998) (1999) (2000) come from the monthly reports of the Agrhymet Regional Centre, with some additions also coming from National Services and from the Monthly Climatic Data for the World (NOAA, 1995 (NOAA, -2000 . For all these series, a few missing monthly values only were infilled for the dry season (no rain), and a highly critical analysis was performed. Table 1 gives the average and standard deviation for each of the 21 stations, calculated over the reference period of 80 years . These values would normally allow the calculation of a future partial index for each station in each year. Table 2 gives the It is worth noting in Table 3 that there are high coefficients of correlation with Sahelian indexes developed in the literature, e.g. 0.924 with that of Nicholson (1985) and 0.939 with that of NOAA (1994). Nonstationarity and discontinuity in the series Discontinuities (abrupt changes) in a chronological time series correspond to significant differences in its parameters (average and/or standard deviation). Thus, after Hubert et al. (1989 Hubert et al. ( , 1998 , one looks for the presence of a discontinuity year (or several years), characterized by a sudden change in value of one of these parameters, while the moment of change is usually unknown. After Lubès-Niel et al. (1998) , the software KhronoStat (IRD-Orstom, 1998) allows the study of the stationarity by the use of four statistical tests. First, the test of Pettitt (1979) and the U-statistic of Buishand (1984) clearly show that the annual rainfall index over the period 1896-2000 cannot be considered as a stationary series, since, in the two tests, the zero hypothesis of absence of discontinuity is rejected at the 99% confidence level. The Bayesian estimation of Lee & Heghinian (1977) allows one to detect a clear discontinuity in the record between 1969 and 1970 with a very high posterior probability density of 0.383. Finally, the procedure of segmentation of Hubert et al. (1989) with a significance level of the test of Scheffé at 1%, points out only one abrupt change (between 1969 and 1970) . The test of Hubert with this significance level can be considered as adequate. Applying this test to the series referenced over all the years before and after 1921 (instead of the common period , two other discontinuity points were detected, before and after the drought of 1913, but no discontinuity has been noted since 1970. Hence no sign of an end of the drought has been observed until 2000.
RESULTS AND INTERPRETATION
Furthermore, applying these four tests on each of the 21 stations one often finds the same dates of discontinuity. For instance, using Hubert's segmentation, 12 stations show one discontinuity between 1966 and 1970 (modal value in 1969 ) spread all over the area.
It is worth mentioning that Mahé & Olivry (1999 , 2001 found a discontinuity point between 1969 and 1970 for the series of regional rainfall over the period for the whole of West and Central Africa (tropical and equatorial areas). In contrast, according to Aka et al. (1996) , Servat et al. (1997) and Mahé & Olivry (1999) , the series of discharges of the large regional rivers (e.g. Niger, Congo, Ogooué) show a later discontinuity point (between 1970 and 1971) for the majority of them. Paradoxically, this discontinuity appears earlier (1967) (1968) in the northwest of the area (Senegal and Fouta-Djalon Mountains).
Geographical extent of drought
The values of partial indexes, S sv , for the 21 stations are represented in Fig. 3 , corresponding to seven dry and very dry years. The years considered are: 1913 (regional index: -1.479), four very dry years after 1970 (indexes <-1.05) as well as 1913 --0--1973 * 1983 --X--1984 3K 1987 --O--1990 • 1997 Fig These observations show that drought of concern was not only very strong but also largely spread over the area. According to Sircoulon (1976) this criterion of extent characterizes the periods of drought in the Sahel. Among the four recent dry years (1995, 1996, 1997 and 2000) , i.e. out of 84 station-years, there are 11 indexes close to the average (from -0.25 to 0) and 12 wet years (>0) among which five are greater than 0.5, and one year was very wet (>1). This shows that the criterion of wide extent, which characterizes the droughts in the Sahel, does not seem to be as marked since 1994.
Persistence of dry or wet spells over several years, autocorrelation
One can see (Fig. 2) three dry episodes, centred on 1913, 1973 and 1983-1984 , and a long series of humid years in the 1950s and 1960s. By restricting the analysis in an arbitrary way to dry or wet periods of at least five years duration, the following persistences are clearly shown: a deficit from 1910 to 1916 (7 years), an excess from 1950 to 1967 (18 years), a deficit from 1970 to 1974 (5 years) and a deficit from 1976 to 1993 (18 years).
A significant autocorrelation coefficient of an annual chronological series shows that the value in one year depends on the value(s) in the previous year(s). A confidence interval of the autocorrelation coefficient can be estimated via a random series approach. The software KhronoStat (IRD-Orstom, 1998) , which allows such analysis, is applied to the series of annual rainfall index. Significantly high autocorrelation coefficients are found for the temporal argument between one and three years (Fig. 4) . The coefficients decrease for more than three years but remain significant on the 99% confidence level for temporal argument going up to 12 years. Furthermore, applying this method to each of the 21 stations, one finds several significant coefficients of autocorrelation, especially for one and two years (13 and nine stations, respectively), and until five and even ten years (four and two stations). Nevertheless these stations do not show any spatial organization.
The drought was still going on at the end of 2000
Several symptoms have been noted which were interpreted by some experts as a possible indicator of the tendency of termination of drought. Indeed, three wet years (1975, 1994 and 1999) have occurred since 1970, but they were always separated from i 1900-1910-1920-1930-1940-1950-1960-1970-1980-1990-1909 1919 1929 1939 1949 1959 1969 1979 1989 1999 each other by at least four non-wet years. Dry years, or very dry years, during the last 31 years have been arranged in periods of at least two successive years. The 1990s were indeed less dry, on average, than the 1970s and 1980s, as shown in Fig. 5 , but still it was the third driest decade in the century. Using an average over the last official reference period of 30 years of WMO standard , one can clearly see that the three driest decades of the century were the 1970s, the 1980s and the 1990s. These observations confirm that drought was still going on at the end of the year 2000.
CONCLUSIONS
The main results of the present study are: the confirmation of the significance of the drought since 1970 with an abrupt change (downwards) in the series between 1969 and 1970, which is the main climatic event of the 20th century in the Sahel, and lack of detection of a sustained upward change since 1970, despite two recent dry years (1994 and 1999) . Even if the areal extents of drought areas during the recent dry years are smaller than during the earliest ones, the wet years are still very isolated from each other since 1970 and have not led to recovery from drought. Both these last results show that the drought was not over as at the end of the year 2000.
The analysis presented is limited to the statistics and the distribution of the dry and wet years, without taking into consideration ecological or agricultural matters, but the impacts of climatic drought in these areas are very important.
